I
n recent years, local as well as remote real-time detection and identification of warfare agents has become vital. Whereas the detection of warfare chemical compounds, such as nerve gases (1) and explosives (2) , has been developed, there is still an apparent need for satisfactory detection technology targeting biohazards, like Bacillus anthracis. A number of optical techniques have been considered as alternatives to well established but cumbersome and time-consuming biological methods (for a review, see ref. 3) . In particular, the Raman spectra of endospores have been characterized as their ''fingerprints.'' Detection schemes based on conventional spontaneous Raman spectroscopy (4-9) and surface-enhanced Raman spectroscopy (SERS) (see, e.g., ref. 10) have been reported. For 1.4 ϫ 10 3 spores, a data collection time as low as 10 s has been achieved (11) . In this article, we consider a complementary approach, coherent antiStokes Raman scattering (CARS) spectroscopy (12, 13) , and demonstrate the acquisition of a CARS spectrum from Ϸ10 4 Bacillus subtilis spores in a single laser shot.
The use of CARS for spore detection was suggested several years ago (14) . A set of femtosecond adaptive spectroscopic techniques for CARS (FAST CARS), including electronicresonance-enhanced coherent Raman scattering (15, 16) , laser pulse shaping (17) , and timing, was proposed and analyzed. The authors showed how to boost the CARS efficiency and discussed possible strategies for real-time bacterial spore detection.
Here, we use a recently introduced time-frequency adaptation of CARS that brings together the concepts of frequency-resolved (18) (19) (20) (21) (22) and time-resolved (23-25) CARS measurements. The scheme combines broadband Raman excitation by a pair of ultrashort laser pulses and a time-delayed narrowband probing of the resultant coherent molecular vibrations (Fig. 1a) . The broadband preparation allows the monitoring of multiple Raman lines in a single measurement-i.e., gives specificity. The narrowband probing allows for frequency-resolved acquisition. Recording of the whole CARS spectrum at once, without tuning the laser wavelengths, makes the technique relatively insensitive to fluctuations. As we explain in the following section, the technique provides a means to differentiate between the resonant and nonresonant (NR) contributions. It also helps to mitigate the strength of NR four-wave mixing (FWM). The use of a non-zero probe delay further optimizes the ratio between the two contributions in favor of the vibrationally resonant signal, which we will simply refer to as CARS.
We have recently used this broadband preparationnarrowband time-delayed probing scheme (called hybrid CARS for short)-to obtain the spectrum from highly scattering samples of sodium dipicolinate powder and Bacillus subtilis endospores (26) . The same approach was applied by Stauffer et al. (27) to CARS on neat solutions of toluene and chloroform as well as rhodamine 6G with an emphasis on prospective monitoring of intramolecular vibrational energy redistribution; another but conceptually similar scheme was also implemented by Hamaguchi et al. (28) . By delaying a narrowband pump pulse relative to dispersion-compensated supercontinuum (used as a Stokes pulse within a standard broadband CARS scheme), they observed NR background-free CARS signal from impulsively excited vibrational modes of indene. Finally, the time-resolved dynamics of the resonant and NR broadband picosecond CARS signals from gas-phase nitrogen was investigated in ref. 29 .
In this contribution, we improve on our hybrid CARS measurements on B. subtilis endospores (26) and elaborate on the optimization of the initially proposed experimental setup. First, the wavelengths of the pump, Stokes, and probe beams are shifted into the near-IR domain, where the photodamage threshold for the spores is higher as compared with the visible-range wavelengths. Second, the bandwidth and delay of the probe pulse are carefully optimized. These steps have led to a 10 2 to 10 3 increase in the sensitivity of our CARS setup and enabled us to acquire the spectrum from a small sample volume (Ϸ10 4 spores) in a single laser shot.
Because CARS efficiency is expected to be proportional to the intensity of the excitation laser pulses, the generated signal can in principle be increased (and the required sample size decreased) by tighter focusing of the applied laser beams. However, there is obviously a limit imposed by the laser-induced damage to the sample. In our previous work, wherein signal collection was done over many laser shots, the applied laser intensities (and therefore the average signal strengths) were limited by cumulative damage to the sample. An obvious question that one may ask is whether higher peak intensities can be used when the signal is generated on a subpicosecond time scale. In this article, we provide an experimental answer to this question by measuring the optimized CARS signal vs. the applied laser energy fluence on a single-shot basis.
Resonant vs. Nonresonant Nonlinear Response
The overwhelming NR background due to multiple off-resonant vibrational modes and the instantaneous electronic response (see the energy level diagrams in Fig. 1 b and c) is a major practical constraint on the utilization of CARS as an otherwise powerful spectroscopic tool. Even though there are techniques that make use of the interfering NR FWM to enhance a weak CARS signal (30) (31) (32) (33) , they are susceptible to depolarization and dephasing because of scattering in realistic samples. The very same arguments work against polarization-sensitive (34) and phase-dependent (35) schemes designed to suppress the NR FWM contribution and associated optical noise. The hybrid CARS technique is an alternative solution that seems to withstand the hassles encountered with realistic samples. In this section, we review the benefits of such a scheme and indicate the parameters essential for its optimization.
As is well known, the third-order polarization induced by pump, Stokes, and probe pulses naturally splits into two parts, nonresonant and resonant contributions. We find it convenient to adopt the notation of Silberberg et al. (36) and write the nonlinear polarization as
where
dЈ is the convolution of the pump and Stokes spectral amplitudes, E 1 (Ј) and E 2 (Ј); E 3 (Ј, ) is the spectral amplitude of the probe pulse; and is its time delay relative to the preparation pulses. We assume that the three pulses are spectrally isolated from each other and only the indicated combination of the fields produces the FWM signal within the frequency domain of interest.
The main difference between the two contributions comes from the fact that the NR nonlinear susceptibility, NR (3) , is frequency insensitive, while its counterpart is two-photon resonant and can be modeled as
[2]
Here, the summation is held over all affected Raman transitions, ⍀ Rj and ␥ j denote the vibrational frequency and the Raman line half-width, ␣ j is a constant related to the spontaneous Raman cross-section, and 1 and 2 are the frequencies of the pump and Stokes laser fields. For the sake of simplicity, we consider the interplay between the NR and resonant contributions when a single vibrational mode at frequency ⍀ R is excited by a pair of ultrashort Gaussian laser pulses centered at c1 and c2 for the pump and Stokes fields
and probed by a time-delayed Gaussian pulse centered at c3 ,
with two adjustable parameters: the spectral full-width-at-halfmaximum (FWHM) ⌬ 3 of the pulse and its time delay . Other simplifying assumptions are that c1 Ϫ c2 ϭ ⍀ R and cl Ͼ Ͼ ⌬ l for ϭ 1, 2, 3, which yields S 12 
1/2 , and
From Eq. 5, it follows that the excitation within a fixed band of width ⌬ 12 centered at ⍀ R is optimal when ⌬ 1 ϭ ⌬ 2 ϭ ⌬ 12 / ͌ 2-i.e., two equally broadband pulses are used. Because the pulses are assumed to be transform-limited, it is equivalent to having the pump and Stokes pulses of the same temporal duration. Note that this is usually not the case for the standard broadband CARS arrangement, where a spectrally narrowband pump pulse is combined with a broadband Stokes-shifted continuum. According to Eq. 5, the excitation amplitude ͉S 0 ͉ 2 increases by 50 times when a 3-ps pump and 30-fs Stokes pulses are replaced by two 42-fs pulses of the same energy. The effective excitation bandwidth stays the same. We first put equal to zero-i.e., overlap the preparation and probe pulses in time-and consider the dependence of the nonlinear response of the medium, subject to the broadband excitation (⌬ 12 Ͼ Ͼ ␥), on the bandwidth of the probe pulse ⌬ 3 . Two quantities, the spectral bandwidth and the peak spectral magnitude of ͉P NR (3) ͉ 2 and ͉P R (3) ͉ 2 , are indicative of the observed changes.
Indeed, Fig. 2a shows the calculated dependence of the FWHM bandwidth for CARS and NR FWM. As expected, the spectral width of the NR profile is determined by the convolution of all of the three laser pulses and therefore has the lower limit of ⌬ 12 . In contrast, the lower limit for the resonant part is dictated by the bandwidth of the Raman line. It is advantageous to use ⌬ 3 ϳ 2␥ Ͻ Ͻ ⌬ 12 (i.e., narrowband probing) and gain the spectral contrast between the two contributions. Furthermore, cutting the probe spectrum facilitates substantial reduction of the NR background without appreciable loss in the peak spectral intensity of the CARS signal (see Fig. 2b ). Please note that the relative position of the two curves along the vertical axis in Fig. 2b depends on the choice of NR (3) , the Raman scattering coefficient ␣ (see Eq. 2), and the molecular vibration decay rate ␥. In particular, they happen to merge in the limit ⌬ 3 Ͻ Ͻ ␥ because ␥ NR (3) /␣ ϭ 1 for the demonstrated calculations.
One can obtain the following analytical expression for the ratio of the two peaks at ϭ c3 ϩ ⍀ R :
[6]
dt is the error function. In the limit of a large probe bandwidth [i.e., for ⌬ 3 Ͼ Ͼ ␥ (we also assume ⌬ 12 Ͼ Ͼ ␥)], R Ϸ 2 ln(2)/W 2 ⅐͉␣/ NR (3) ͉ 2 . In the opposite limit (i.e., for
The other parameter that has been left out of the discussion so far, but that can be used to further improve the signal-tobackground ratio, is the probe pulse delay. For any fixed probe pulse bandwidth, the NR contribution peaks at zero probe delay and decreases as the overlap between the three pulses is reduced via the probe pulse timing (see Fig. 3a) . The resonant response, in contrast, becomes maximal at some positive probe delay and decreases at larger delays with a decay rate determined by the dephasing time of molecular oscillations [ Fig. 3b ; see also supporting information (SI) Fig. 9 ]. When normalized on the probe pulse energy, the resonant contribution reaches maximum for the probe pulse bandwidth ⌬ 3 on the order of 2␥, and its delay about ⌬ 3 Ϫ1 . The NR FWM peaks at zero probe delay and ⌬ 3 ϳ ⌬ 12 (which is out of the range plotted in Fig. 3a) .
Simulations presented in Fig. 4 summarize the effect of the probe bandwidth and delay on the spectrally resolved profiles of
The initially featureless spectrum, dominated by the NR FWM (Fig. 4 a-c) , reveals the presence of a Raman-resonant response, distinct from the interfering NR background, when the probe pulse bandwidth is adjusted (see Fig. 4 d-f ) ; adding probe delay further improves the signal-to-background ratio, as shown in Fig. 4 g-i. The actual optimal values of the probe pulse parameters depend on ␥, the ratio ␥ NR (3) /␣, the noise level, and the necessary spectral resolution.
It is worthwhile to note that suitable probe pulse shapes are not limited to the considered Gaussian waveform. For example, one can use a probe pulse with a sinc 2 (⌬ 3 t/2)-shaped temporal profile, as we do in our experiment. By putting the preparation pulses on the node of the probe field, as shown in SI Fig. 10 , one can virtually cancel out the NR FWM contribution at a finite probe pulse delay. Of course, the timing between the pulses is essential here, and multiple scattering inside the sample, if present, fills in the field node to some extent.
Experimental Results and Discussion
An essential improvement in performance was achieved by shifting of the pump, Stokes, and probe wavelengths from the visible into the IR domain. This allowed us to increase the energy of the pulses and their peak intensities by three to five times without destroying the spores. ). The parameters used are NR (3) ϭ 1, ␣ ϭ 1, ␥ ϭ 1, ⌬1 ϭ ⌬2 ϭ 50␥, ϭ 0, S0 ϭ 1, and A3 ϭ 1. ͉ 2 (b) at ϭ c3 ϩ ⍀R as a function of the probe spectral bandwidth ⌬3 and time delay relative to the overlapped preparation pulses. The parameters are similar to those used for Fig. 2 , but is varied and the probe pulse amplitude is normalized such that A 3 ϭ (4 ln(2)/) 1/4 ⌬ 3 Ϫ1/2 to have the probe pulse energy constant.
The next step toward superior sensitivity was the optimization of the spectral bandwidth and the time delay of the probe pulse. Because the observed NR background in the recorded CARS spectra was dominated by the multiple scattering within the sample, this was done experimentally. A set of spectrograms, shown in Fig. 5 Left, was recorded for different spectral bandwidths of the probe pulse. For each probe delay in a spectrogram, the acquired spectrum was processed to remove the NR background and account for the pump-Stokes excitation profile. † † The normalized spectrograms (see Fig. 5 Right) reveal sharp resonant features on top of the smooth NR background as well as the optimal probe delay opt , corresponding to the maximal ratio between CARS and NR FWM, for every chosen value of ⌬ 3 . Fig. 6 illustrates the recorded, flat-field corrected CARS spectra at ϭ 0 and ϭ opt .
‡ ‡ As expected, two tendencies can be observed. If the probe bandwidth is small compared with the Raman line width, the visibility of the Raman peak depends only weakly on the probe delay, and the signal magnitude is low. If the probe bandwidth is large, the signal is stronger but the contrast degrades. For the observed Raman transitions, ⌬ 3 Ϸ 30 cm Ϫ1 and the time delay Ϸ 0.77 ps were found to be optimal (see Figs. 5d and 6c).
Once we had the parameters optimized, the setup performance was evaluated by decreasing the acquisition time. Fig. 7 shows CARS spectra of B. subtilis spores taken in only one to three laser shots. Spore Raman transitions in the fingerprint region (1,300-1,700 cm Ϫ1 ) are apparent even after a single shot. For these measurements, the laser system was switched from normal (continuous) operation at 1 kHz rep rate into the single-shot mode, and the laser pulses were fired manually. The integration time of the charge-coupled device (CCD) camera was set to 3 s to ensure a comfortable time span for the manual firing of up to 10 shots. The variation of the CCD integration time from 0.5 to 10 s did not show any appreciable change in the noise level of the single-shot spectra because the dominant part of the noise came from the scattered laser radiation entering the † † We have found it useful to obtain a smoothed replica of the acquired CARS spectrum by averaging the recorded counts over 200 adjacent pixels and then dividing the original spectrum by the generated profile. It is analogous to forming the ratio of CARS plus NR FWM over NR FWM. ‡ ‡ The etaloning effect, common for back-illuminated CCDs in the spectral range of interest, leads to inhomogeneous optical response of the CCD over its surface. It results in parasitic amplitude modulation of recorded spectra. To correct for ghost spectral peaks, we acquired a sample spectrum with the probe beam blocked (high harmonic generation due to the pump and Stokes fields contributed as a smooth background) and then divided all CARS spectra by the obtained profile. spectrometer. At last, the reported pulse energies were deduced from the power measurements in the normal (continuous) operation mode. We found that they differed from the actual pulse energies when the laser system was operated in the single-shot mode. The ratio of the single-shot to the continuousmode pulse energy was 0.75, 0.47, and 1.3 for the pump, Stokes, and probe pulses, respectively.
Note that the single-shot spectra were obtained from a fairly small number of spores. Taking the effective laser pulse penetration depth for the highly scattering sample (a clump of closely packed spores) to be 10 m and the diameter of the probed region to be 32 m, one gets a rough estimate for the probed volume of 10 4 m 3 . Allocating 1 m 3 for a single spore gives Ϸ10 4 contributing spores.
The dependence of the resonant CARS signal on the energy of the pump and Stokes pulses is shown in Fig. 8 . Here, the resonant contribution is defined as an integral over the two Raman peaks, 1,395 cm Ϫ1 and 1,445 cm Ϫ1 . The data reveal that at high enough pulse energies, the dependence strongly deviates from the expected linear increase. The CARS signal magnitude saturates and even drops down at higher pulse energies. The total acquired signal, which is dominated by the nonresonant contribution, exhibits similar dependence on the pulse energies but with a slightly weaker decay at the high-energy limit (data not shown). Within the available range (up to 3 J per pulse), we observed a linear dependence of the CARS signal on the energy of the probe pulse.
The saturation and decrease of the generated CARS signal as a function of the pump or Stokes pulse energies is probably due to the laser-induced damage of the exposed endospores.
Accounting for the beam focusing and the scaling factors, we estimate the damage threshold for our spore sample to be 0.2 J/cm 2 per ultrashort pump or Stokes pulse. For 50-fs pulses, this energy f luence corresponds to a peak intensity of Ϸ3 ϫ 10 12 W/cm 2 . Note that this threshold is retrieved from the single-short measurements and corresponds to ultrafast (femtosecond-scale) photodamage. We have also observed a longer-scale cumulative effect of CARS signal degradation as a function of the shot number. To avoid the substantial damage of the sample over 100 laser shots, one needs to use a pulse energy f luence that is at least three times lower than the single-shot threshold value.
To summarize, we have optimized our earlier hybrid CARS experiment and demonstrated that the CARS spectrum from Ϸ10 4 bacterial endospores can be obtained in a single, femtosecond laser shot. This is to be compared with our initial acquisition time of many seconds. The dependence of the CARS signal on the energy of the ultrashort preparation pulses shows that it scales linearly, up to a peak energy f luence of Ϸ0.2 J/cm 2 per pulse. Further signal increase is hampered by photodamage of the sample interacting with the strong electric field of the femtosecond pulses. Finally, it is important to note that spore detection, addressed in this article, is only one application of our technique. The technique can be adapted in a straightforward fashion for many other applications requiring chemical specificity and short acquisition times. A particularly interesting example is CARS microscopy (37) (38) (39) (40) .
Methods
We used a Ti:Sapphire-based laser system (Legend; Coherent: Ϸ805 nm, 50 fs, 1 kHz rep rate, 1 mJ/pulse) pumping two optical parametric amplifiers (OPAs) (OPerA; Coherent). The signal beams at two different wavelengths, generated in the OPAs by the down-conversion of 805-nm photons, provided pump ( 1 ϳ 1.25 m) and Stokes (2 ϳ 1.55 m) pulses. The probe pulses came from the residual 805-nm beam spectrally filtered and shaped by a 4f pulse shaper with a mechanical slit in its Fourier plane. The resulting pulse shape had a sincsquared intensity profile. The three beams were arranged in folded-BOXCAR geometry and focused on the sample, as shown schematically in Fig. 1a . The FWHM diameters for the pump, Stokes, and probe beams on the sample were 36, 43, and 32 m, respectively (from knife-edge measurements). The timing between the three input pulses was adjusted by computer-controlled delay stages. The generated CARS signal was collected in the backward direction, at a 30°angle to the main axis, by a 2-inch-diameter lens (focal length of 10 cm) and directed into a spectrometer (Spectrograph-250i; Chromex) with an attached liquid nitrogen-cooled CCD (Spec-10; Princeton Instruments). 
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